ADfi22559 


SPR 

\ 

\ 

Spi 

TfflS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DTIC  CONTAINED 
A  SIGNIFICANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 


.is  Document  Contains 
ssing  Page/s  That  Are 
;available  In  The 


THIS  DOCUMENT  CONTAINED 
BLANK  PAGES  THAT  HAVE 
BEEN  DELETED 


REPRODUCED  FROM 
BEST  AVAILABLE  COPY 


REPORT;  SA-TR18-1089 
DATE;  17  September  1965 
AMCMS  COUE;  5016.11.84400.02 


FRICTIOKAL  WEAR  CHARACTERISTICS  OF  VARIOUS  COATINGS  USED  ON 
SMALL  CALIBER  WEAPON  COl-lPOr.ENTS 

Technical  Report 


George,  M.  A. 


PROJECT  TITLE;  In-House  Laboratory  Initiated  Research  and  Development 
FT  64 

PROi;;  M1-4-50020-01-M1-M6 

Preparing  Aeencv;  Springfield  Armory,  Springfield,  Massachusetts 


This  TECHNICAL  REPORT,  to  the  extent  known,  does  not  contain  any 
patentable  material,  copyrighted  and/or  copyrightable  material,  or 
trade  secrets. 


REPORT 

SA-TR18-1089 


ABSTRACT 


Friction  and  wear  studies,  in  which  Springfield  Armory  friction 
and  wear  machine  was  used,  were  continued.  Information  relating 
to  the  frictional  and  wear  properties  of  coatings  was  obtained 
under  simulated  weapon  conditions.  Various  coatin;;s  such  as 
phosphate,  chromium  plate,  and  hard-anodized  aluminum  were  evalu¬ 
ated.  The  rou^h  porous  coatings  such  as  phosphated  steel  and 
hard-anodized  aluminum  generally  had  hi  ;h  coefficients  of  friction 
when  unlubricatcd,  but  exhibited  good  wear  resistance  when  lubri¬ 
cated.  Chromium  plate,  when  unlubricated,  had  a  lower  coefficient 
ol  friction  than  steel  of  equal  surface  roughness.  Metallic  sur¬ 
faces  such  as  chromium  plate  and  hardened  steel  had  limited 
antigalling  properties  Procedure  is  given,  and  results  are  dis¬ 
cussed. 
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SUajECT 

Invusci  ’aclon  ol  FrictiunAi  and  Wear  Characterletics  uf  Varioua  Coacinija 
Used  on  Small  Caliber  Weapon  Components. 

TBJECTIVE 

Tv'  obtain  data  on  the  frictional  and  wear  properties  of  various  coatings 
used  in  snail  caliber  weapon  systems. 

SUMMARY  OF  CONCLUSIONS 

1.  Chromium  pl'te  slidin:|  on  chromium  plate,  with  no  lubrication,  haa 

a  lower  Coefficient  of  friction  when  compared  to  dry  steel  on  steel  of  equal 
surface  roughness. 

2.  Hard  anodic  coatings,  with  no  lubrication,  have  a  relatively  hi 'h 
coefficient  of  friction  (.55),  probably  because  of  the  rough  nature  of  the 
surface. 

3.  Phosphate  coatings  appear  to  be  beneficial  in  reducing  the  coefficient 
of  friction  when  they  are  dry  and  in  contact  with  a  smooth  surface. 

4.  Unprotected  steel  surfaces  have  poor  wear  resistance,  especially 
in  the  prevention  of  galling. 

5.  The  coefficient  of  friction  for  well- lubricated  surfaces  is  primarily 
dependent  upon  the  nature  of  the  lubricant. 

b.  Rough  porous  surfaces,  such  as  those  produced  by  phosphatlng  and 
hard  anodizing,  have  better  oil-retaining  capabilities  than  smooth  metallic 
surfaces  and,  consequently,  exhibit  better  wear  resistance,  when  lubricated, 
under  high  loads. 

RECOMMENDATIONS 

1.  The  use  of  phosphate  coatings  should  be  continued  on  small  caliber 
weapon  components  since  the  coatings,  when  properly  lubricated,  give  adequate 
coefficients  of  friction  and  excellent  wear  resistance. 

2.  Chromium  plate,  when  in  contact  with  itself  at  high  loads,  exhibits 
some  -'ailing  tendencies  and  its  use  should  be  avoided. 

3.  Endurance  tests  should  be  conducted  on  the  various  combinations  of 
coatings  to  determine  the  best  coating  for  contact  with  chromium  plate  and 
other  coatings  at  high  loads  for  increased  wear  resistance. 

4.  In  instances  where  very  low  coefficients  of  friction  are  required  in 
weapon  systems  (<l),  a  lubricant  better  than  MIL-L-644  oil  should  be  used. 

5.  Friction  tests  should  be  conducted  on  other  oils,  greases,  and  dry 
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RECOMMENDATIONS  -  Continued 

film  lubricanti  to  determine  lubricant!  that  will  provide  lover  coeff 
of  friction  than  MIL-L-bAA  oil. 

6.  Hard'anodlzed  aluminum  uaually  galla  or  selzea  after  the  eoa 
completely  worn  away;  thus,  the  use  of  thick,  hard-anodlzed  aluminum  i 
should  be  continued. 
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1 .  INTRODUCTION 

FrlcClon  and  wear  studies  were  continued  at  the  Sprirv'fieid  Armory. 

Previous  work  reported  in  SA-TR18-1084^  was  expanded  to  Include  varioua 
coatin'.s  used  on  small  caliber  weapons  today.  The  purpose  ot  this  investigation 
was  to  obtain  intormation  relatin';  to  the  frictional  and  wear  properties  of 
coatin'^s  under  simulated  weapon  conditions. 

A  friction  and  wear  machine  designed  and  built  at  Springfield  Armory  was 
employed  in  the  investigation.  The  machine  is  unique  in  that  it  offers  a 
reciproc.'it ing  tyoe  of  motion  while  providing  a  pla.i^- to- plane  type  of  contact 
between  specimens  durin  ■  the  sliding  action.  The  machine  Is  designed  to 
operate  at  speeds  fron  6U0  to  2000  rpm,  under  loads  from  32.1  pounds  to 
417. 1  pounds,  and  strokes  up  to  approximately  2.3  inches. 

The  previous  study  involved  the  factors  influencing  the  friction  of 
phosphate  coatin.s.  This  report  includes  the  study  of  the  frictional  and 
wear  properties  of  various  coatings  such  as  chromium  plate  and  hard-anodized 
aluminum. 

2 .  PROCEDURE 

a.  Preparation  of  Test  Specimens 

(1)  Machining. 

The  4340  steel  blocks  used  in  the  testing  of  chromium  plate 
and  phosphate  coating  were  hast- treated  and  quenched  to  a 
final  hardness  of  Rockwell  C  45-50.  The  6061-T6  aluminum 
blocks  used  in  the  testing  of  the  hard-anodized  coating  had 
hardnasacs  of  Brinall  83  to  86.  Final  surfaca  grinding  producad 
surfaces  that  vara  parallel  within  .0002  inch  and  gave 
surface  roughness  values  of  approximately  six  microinches 
(ms)  aa  maasurad  on  a  profilomatar. 

(2)  Surface  Preparation  and  Metal  Finishing 

(a)  Chromium  Opecimens. 

Prior  to  plating,  the  steel  specimens  were  alkaline- 
cleaned  and  given  a  I5>second  reverse  etch.  The  plating 
was  done  in  a  standard  chromium  bath  of  250  ^tama  per 
liter  at  a  temperature  of  130^F.  An  average  thickness 
of  .0005  inch  was  obtained  in  30  minutes.  The  throwing 
power  of  chromium  plating  was  considered  in  that  an 
anode  of  the  same  size  as  the  wearing  area  of  the  large 
block  was  used.  Some  buildup  at  the  edges  occurred; 
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howovor.  It  WAS  not  impiirtAnt  simi’  it  wns  not  in 
witli  thi*  «ntAlli*r  Mt*ck.  Tli<*  plntin;  n(  thn  smnllr* 
roquirod  use  of  ro>>b*»rA  wrotind  ttm  »'d  ■/■s  .  Pmlirnf 
Irictlon  tosttiv'  revealed  that  the  rhroriinm  plec  'l 
were  in*t  devoid  nf  hnilJiip  in  snine  arfn.s.  For  rhi 
till*  Hpeciniens  were  poliMhed  alter  platin’,  prnduf  i 
Huriaces  with  ron.'hness  readins’S  ol  three  to  tour 
Inches  (rms). 

(b)  Steel  Specimens. 

Preliminary  testln/,  oi  the  steel  sjecimens  revealoi 
qallin-.’  tendencies  at  the  trunimum  load  of  tne  macn, 
This  problem  was  corrected  to  some  decree  by  polls! 
samples.  The  suri'ace  roughness  vatues  prior  to  cef 
were  three  to  tour  microinches  (rms). 

(c)  Phosphated  Specimens 

Prior  to  phosphating,  the  steel  specimens  were  abra 
blasted  with  steel  ;;rit  (Number  120).  The  blocks  w 
then  phosphated  for  30  minutes  at  2ub^F.  in  a  stand 
manganese  phosphate  solution  with  the  following  con 
total  acid  55-65  points,  free  acid  lO-ll  points,  an 
.1  to  .3  points.  Prior  to  phosphatin>', ,  the  surface 
ness  was  63  microinches  (rms);  it  was  not  signifies 
changed  after  the  phosphating. 

(d)  Hard-Anodtzed  Specimens. 

The  aluminum  specimens  were  hard-anodized  according 
MHC  process.  The  surface  preparation  consisted  of  i 
blast.  The  15  per  cent  sulfuric  acid  electrolyte  ws 
at  28”F.  end  the  process  was  accomplished  at  a  curre 
of  .2  amps  per  square  inch.  An  average  thickness  ol 
inch  was  obtained  after  one  hojr.  The  aurface  rough 
of  the  hard-anodized  specimens  was  45  to  55  microinc 
(rms) . 


Friction  Testing 


(1)  Static  Testing. 


A  simulated  static  coefficient  was  obtained  by  hand-opera 
of  the  mcvable  block  at  a  very  slow  rate.  The  maximum  de 
on  the  recorder  waa  considered  to  be  the  static  friction 
The  load  wee  increased  by  adding  weights  to  the  weight  tr 
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2.  PROCEDURE  -  Continued 

in  one*pound  increments,  up  to  ID  pounds.  The  friction  force 
obtained  for  each  load  was  taken  when  the  recorder  deflection 
had  reached  a  constant  value  for  each  cycle  of  movement.  This 
was  considered  the  break>in  point  for  the  coating. 

A  dry  and  a  lubricated  trial  were  conducted  for  each  coating. 
All  oile''  coatings  were  lubricated  with  MIL-L'644  oil.  The 
coatings  had  a  slight  excess  of  oil  since  the  blocks  were 
aligned  in  the  dry  state  ar.d  lubrication  followed  correct 
alignment.  Hydrodynamic  lubrication  was  probably  approached 
during  the  static  testing. 

(2)  Dynamic  Testing. 

Dynamic  testing  of  the  dry  coatings  was  not  possible.  The 
high  friction  forces  and  vibrations  from  the  motor  tended  to 
tilt  the  blocks  out  of  position  and  galling  occurred.  Dynamic 
tests  were  run  on  the  lubricated  coatings.  Loads  were  increase 
by  applying  weights  in  one-pound  increments  to  the  weight  tray. 
The  break-in  point  for  each  load  usually  occurred  within  10  or 
15  seconds.  The  maximum  deflection,  representing  the  maxisnia 
friction  force  for  one  cycle  of  movement,  was  taken  at  the 
break-in  point,  where  the  maximum  deflections  had  reached  a 
steady  value. 

Dynamic  endurance  tests  were  conducted  for  the  following 
specimens:  steel-on-steel,  chromium-on-chromium,  hard-anodized 
aluminum  on  hard-anodized  aluminum,  and  ohosphate-on-phosphate . 
The  blocks  were  well-lubricated  prior  to  testing  and  a  constant 
load  was  applied.  Initial  testing  under  a  load  of  87.1  pounds 
disclosed  that  only  the  steel-on-steel  blocks  would  fail  within 
a  period  of  one  hour.  It  was  decided  to  increase  the  load  to 
307.1  pounds  to  get  an  earlier  indication  of  the  relative  wear 
resistance  of  the  various  materials. 

c.  Calculation  of  the  Coefficient  of  Friction 

The  coefficient  of  friction  is  determined  by  dividing  the  friction 
force  by  the  normal  force.  The  normal  force  equals  the  load  applied  to  the 
blocks.  The  load  consists  of  two  parts:  the  minimum  load  with  no  weights 
attached,  and  the  additional  load  developed  by  the  attachment  of  weights. 

The  minimum  load  consisted  of  the  weight  of  the  upper  friction  block  attached 
to  its  holder,  and  the  reaction  of  the  weight  of  the  lever  arm  and  weight 
tray  applied  at  the  point  where  friction  occurs.  This  minimum  load  was 
determined  to  be  32.1  pounds. 

The  lever  arm  acts  as  a  second-class  lever  with  a  mchanical  advanta{ 
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of  11  to  one.  rluts,  nn  increase  ol  one  pound  on  the  weir.ht.  tray  resul 
an  Increase  in  tlie  load  ol  tl  pounds. 

The  friction  lorce  Is  calculaled  from  strain  measurements  ohcair 
the  use  I't  strain  i-n-cs  attached  to  the  rcciprocncin^  rod,  which  drive 
moving  trlction  The  strain  .'.ages  were  calihrated  under  tensile 

compros8i'’c  looils  to  five  one  millimeter  recorder  del  lection  lor  a  I  Iv 
pound  I  i>ad . 


An  analvsls  ol  the  design  of  the  friction  machine  revealed  that 
maximum  deflection  sliould  he  divided  hv  a  factor  of  four  to  give  the  s 
triction  force  between  the  surfaces  oi  the  specimen  blocks.  The  maxim 
t lection  tor  one  cvcle  of  movement  represents  two  frictional  forces  ss 
as  the  total  ol  the  frictional  forces  acting  in  compression  and  tensio 
The  two  friction  forces  are  developed  at  the  upper  and  lower  surfaces 
middle  block  where  contact  is  made  with  the  two  stationary  blocks.  Th 
di iters  bv  the  weight  of  the  middle  block  at  the  two  contact  points,  h 
this  difference  was  ncv.lected  since  the  middle  block  weighs  only  1/4  p 
The  followin;.;  equation  represents  the  method  of  calculating  the  static 
liclenc  of  fricticn; 

D  5/4 

Us  :  32.1  +  IIW 

Us  s  Static  coefficient  of  friction 
D  :  Maxinum  recorder  deflection 


W  ;  Load  applied  to  weight  tray 

In  reciprocating  motion,  forces  due  to  acceleration  or  inertial 
are  present  because  velocity  is  not  constant.  The  rotary  motion  of  thi 
is  changed  to  rectilinear  motion  by  a  crank  and  connecting  rod  mechani 
The  force  due  to  acceleration  was  deteminad  easily  when  the  machine  wi 
erated  with  the  middle  block  only  and  the  friction  forces  were  eliaina 
The  acceleration  forces  were  dependent  upon  the  length  of  stroke  and  tl 
ber  of  revolutions  per  minute  of  the  motor.  A  short  stroke  and  a  low  i 
speed  were  used  so  that  the  effect  of  acceleration  could  be  minimized, 
values  selected  for  all  dynamic  tests  were  a  one-inch  stroke  and  600  r; 
Under  these  conditions,  the  maximum  recorder  deflection  for  one  cycle  i 
ment  was  fomnd  to  be  only  one  millimeter. 


The  following  equation  represents  the  method  of  calculating  the 
coefficient  of  friction; 


U 


V 


(D-I)  5/4 
32.1  ♦  IIW 


t 


Us  z  Dynamic  coefficient  of  friction 


D  :  ;';axifflum  recorder  deflection 


W  ;  Load  applied  to  weight  tray 
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When  high  friction  force*  were  preaent,  it  wa*  neceaaery  to  change  the 
attenuator  on  the  amplifier  from  the  1  acale  to  the  4  acale.  Thla,  In  ee« 
aence,  cut  the  deflection  fourfold  and  increaaed  the  calibration  factor  to 
20  pound*  per  millimeter. 

3.  RESULTS  AND  DISCUSSION 
a.  Wear  Reaiatance 


Wear  can  be  defined  aa  the  deterloriatlon  cauaed  by  uae  and  can  uauall) 
be  classified  into  two  main  categories:  normal  wear  and  destructive  wear. 

Normal  wear  refers  to  the  wear  that  is  to  be  expected,  i.e.,  the  loss  of  materia 
from  the  working  surfaces  when  two  materials  are  in  contact  during  a  sliding 
action.^  Normal  wear  can  be  beneficial  at  times,  since  the  surface  roughness 
can  be  improved  by  the  leveling  of  local  projections  on  the  surfaces. 

Destructive  %fear  refers  to  the  transfer  of  metal  from  one  surface  to 
another  by  welding  under  sliding  conditions.  The  welding  is  caused  by  great 
localized  pressure  in  which  sufficient  temperature  is  generated  to  weld  the 
surfaces  together.  Terms  such  as  galling,  scuffing,  scratching,  and  scoring 
usually  are  used  to  express  varying  degrees  of  damage  by  %felding.^ 

In  this  investigation,  wear  resistance  will  refer  to  the  ability  to 
prevent  galling  and  other  types  of  severe  surface  damage.  A  criterion  in 
this  investigation  for  good  wear  resistance  is  a  near  constant  relationship 
between  load  and  the  coefficient  of  friction.  A  sharp  Increase  in  the  coefflciei 
of  friction  would  strongly  indicate  that  destructive  wear  is  occurring. 

The  plot  of  the  static  coefficient  of  friction  versus  load  for  the  un¬ 
lubricated  steel  specimens  (Fig.  1)  reveals  a  tendency  for  the  coefficient  to 
rise  with  increasing  load.  At  lower  loads  this  Increase  in  the  coefficient 
appears  to  be  cauaed  by  some  slight  destructive  wear  at  the  surfaces.  This 
wear  was  probably  caused  by  light  scuffing  or  minor  welding  between  the  steel 
specimens.  At  a  higher  load  the  wear  was  much  SK>re  severe  as  definite  galling 
occurred  and  there  was  a  sharp  increase  In  the  coefficient  of  friction. 

The  dry,  chromium-plated  specimens  exhibited  much  better  wear  resistance 
than  steel.  The  plot  of  the  static  coefficient  of  friction  versus  load  (Tig.  2) 
showed  that  there  was  an  approximately  constant  relationship.  At  the  conclusion 
of  the  static  test,  the  chromium-plated  specimens  showed  no  visual  damage  as  the 
galling  tendency  of  chromium  was  much  less  than  that  of  steel. 

The  static  friction  tests  for  dry,  hard-anodic  coatings  and  dry  phosphat 
coatings  revealed  that  little  or  no  destructive  wear  occurred.  The  coefficients 
of  friction  were  higher  than  for  either  the  steel  or  chromium-plated  specimens, 
but  the  coefficients  remained  reasonably  constant  with  an  increase  in  load  (Figs. 
3  and  4). 
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.1,  RKSl'l.TS  AND  DTSCIISSIDN  -  Cont 

Two  nlgniMcnnt  polntii  arc  notlccahlc  )r<»m  the  rcsultn  of  the  w“> 
Involving:  cemb  inat  iona  of  two  dliirn'nt  mater  la  I  a.  The  resiilr**  of  te^ts  1 
dry  atec)  In  contact  with  cither  chromium  plate  or  hard-arir'di^cd  aluminum 
that  aomc  destructive  wear  occurs  at  the  steel  surlace.  In  Figures  >  and 
Stacie  coet tie  lent  ol  I r let  ion  increased  gradually  as  the  load  was  Increas 
Fi)5uro  7,  htTwever,  when  a  drv,  ph»»sphate-coated  specimen  is  in  rnntart  wit 
steel  specimen,  Che  static  coefficient  of  irlction  remained  ennstant  with 
increase  in  load.  Phosphate  coat  Inga,  when  in  contact  with  a  smooth  steel 
appear  to  reduce  signit  icantly  the  possibilities  of  galling. 

The  results  for  the  endurance  tests  on  the  various  surfaces  can  b 
in  Figure  11.  The  endurance  tests  consisted  of  a  dynamic  test  at  600  rpm 
a  relatively  high  load  (307.1  pounds).  The  poor  wear  resistance  of  steel 
substantiated  by  the  fact  that  the  specimens  were  severely  galled  after  api 
2*1/2  minutes  or  1500  cycles.  The  chromium*plated  samples  underwent  seven 
alter  approximately  six  minutes.  The  specimens  were  well  -  lubricated  prior 
testing*  During  the  dynamic  test,  sufficient  lubricant  was  retained  on  th« 
surtace  of  the  movable  block,  but  the  amount  of  lubricant  on  the  upper  sur: 
gradually  diminished  as  the  test  progressed.  The  failure  attributed  to  gal 
usually  occurred  at  the  upper  surface  because  of  this  lack  of  lubrication. 

The  endurance  test  for  phosphate  coatings  and  hard-anodized  coatJ 
(Fig.  ll)  reveals  that  the  wear  resistance  of  both  coatings  is  better  than 
of  chromium.  The  primary  factor  Influencing  thla  result  is  believed  to  be 
by  the  surface  roughness  of  the  individual  coatings.  The  hard-anodlred  cos 
and  the  phosphate  coating  are  porous  and  have  the  ability  to  absorb  and  ret 
lubricants,  while  the  chromium-plated  specimens  had  been  polished  and  had  1 
ability  to  retain  oil. 

It  is  also  interesting  to  note  from  Figure  11  that  the  failure  of 
steel  and  chromium  blocks  was  very  abrupt.  It  appeared  that  the  lack  of  lu 
tlon  in  areas  led  to  rapid  overheating  and,  consequently,  galling  occurred 
Instantaneously.  The  coefficient  of  friction  versus  the  number  of  cycles  c 
for  the  hard  anodic  and  phosphate  coatings  shows,  in  time,  a  gradual  Increa 
the  coefficient  caused  by  the  simultaneous  loss  of  lubricant  and  wearing  aw 
the  coating.  The  sharp  Increase  in  the  coefficient  for  hard-anodized  alumi 
after  approximately  11,000  cycles  represents  the  point  at  which  the  hard-an 
coating  was  completely  removed  and  bare  aluminum  was  exposed.  It  appears  t 
inorganic  finishes,  such  as  hard  anodic  and  phosphate  coatings,  have  better 
galling  characteristics,  in  general,  as  compared  to  metallic  surfaces. 

b.  Coefficient  of  Friction 

Hardness  is  considered  to  be  a  significant  factor  influencing  the 
resistance  of  a  material.  This  la  becausu  surfaces  undergo  compressive  str 
while  wearing  conditions  are  present,  and  since  hardness  tests  are  jjsually 
presslve,  hardness  can  be  employed  as  a  significant  index  of  merit. 
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3.  RESULTS  AND  DISCUSSION  •  Continued 

Herdneis  also  might  be  expected  to  have  some  Influence  on  the  coefficient 
of  friction  because  of  its  cMse  association  with  wear  resistance.  The  hardness 
values  for  chromium  plate  and  hard  anodic  coatings  are  generally  considered  to  be 
relatively  high,  although  the  values  vary  considerably  and  are  sometimes  difficult 
to  obtain.  The  hardness  of  bright  chromium  plate  is  equivalent  to  950  to  1050 
Vickers.  Microhardness  tests  on  hard-anodized  surfaces  have  shown  hardness  values 
of  530  VPN  for  a  coating  produced  by  the  Martin  hardcoat  process  on  6061-T6  alloy. 

A  comparison  of  the  static  coefficients  of  friction  between  the  dry  chrom 
ium  plate  and  hard-anodized  surfaces  showed  that  the  chromium  on  chromium  plate 
had  a  much  lower  coefficient  of  friction.  The  static  coefficient  for  chromium 
plate  averaged  .16  while  the  static  coefficient  for  hard-anodized  aluminum  on  hard 
anodized  aluainum  averaged  .55  (Figures  2  and  3).  The  difference  in  the  coeffi¬ 
cients  appears  to  be^a  function  of  the  surface  roughness  rather  than  the  hardness 
of  the  respective  samples.  The  surface  roughness  of  the  chromium  plate  was  three 
to  four  microinches  while  the  hard  anodic  coatings  were  45  to  55  microinches  (rms) 
The  coefficients  of  friction  for  hard  anodic  coatings  have  bean  quoted  to  be  below 
.15,  but  these  values  are  for  hard  anodic  surfaces  lAich  have  been  lapped  or  honed 
after  anodizing  to  improve  the  surface  finish. 

The  chromium-plated  and  steel  speciswns  had  approximately  the  same  surfao 
finish.  The  static  coefficient  of  friction  for  steel  was  always  higher  than  that 
for  chromium,  even  at  the  lightest  loads  where  no  galling  occurred  for  the  steel. 
The  minimum  coefficient  for  steel  was  .20  at  a  load  of  32.1  pounds. 

Very  high  static  coefficients  of  friction  were  obtained  when  phosphate- 
coated  blocks  were  in  contact  with  each  other.  The  high  coefficient  was  primarily 
caused  by  the  rough  nature  of  the  grit  blast  pretreatment.  The  dry  phosphate 
coating  might  retard  galling  tendencies;  however,  it  did  not  Improve  the  lubricity 
between  the  rough  surfaces. 

The  dry  phosphate  coatings  in  contact  with  smooth  surfaces,  such  as  the 
chromium  plate  and  bare  steel  samples,  had  a  much  lower  coefficient.  The  static 
coefficient  of  friction  was  less  than  .2  (Figs.  7  and  8).  The  phosphate  coating 
in  contact  with  the  smooth  surface  during  the  break-in  period  prevented  mtal- 
to-metal  contact  and  appeared  to  have  some  beneficial  lubricating  qualitias.  Tha 
dry  phosphate  coating  in  contact  with  the  rough  haid- anodized  surface  did  not 
improve  the  static  coefficient  of  friction  (Fig.  10). 

c.  Lubrication 


The  liibr leant  used  throughout  this  investigation  was  MIL-L-644  oil.  This 
general  purpose  preservative  and  lubricating  oil  is  suitable  for  use  in  lubrieatlot 
and  corrosion  protection  of  small  caliber  weapons. 
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3.  RESULTS  AND  DISCUSSION  -  Continued 

The  cocfficlente  of  friction  of  the  various  surfaces,  when  lubrl 
did  not  vary  to  any  extent  from  coating  to  coating.  The  only  exception  to 
occurrence  was  In  the  case  of  the  steel-on-ateel  specimens,  when  the  statl< 
coefficient  reached  values  as  high  as  .18.  The  static  coefficient  for  all 
other  coatin.’S  was  usually  In  the  range  of  from  .13  to  .IS,  while  the 
dynamic  coefficient  usually  was  In  the  range  of  from  .12  to  .13. 

The  results  Indicated  that  during  the  simulated  static  teat,  the 
slight  excess  of  oil  present  produced  hydrodynamic  lubrication  In  which  no 
metal -to-metal  contact  was  present.  In  the  case  of  steel  on  steel,  hydro¬ 
dynamic  Lubrleetion  was  probably  not  completely  present  since  the  smooth 
surfaces  had  no  cavities  to  retain  oil.  The  lubricated  chromium  specimens, 
although  they  were  equally  as  smooth,  did  not  have  a  higher  coefficient  of 
friction. 

During  the  dynamic  testing,  the  load  was  increased  approximately 
every  30  seconds .  Hydrodynamic  lubrication  was  not  present  when  the  hi  ',her 
loads  were  applied.  This  was  evident  because  the  samples  were  polished  and 
scratched  to  some  extent.  The  dynamic  coefficient  of  friction,  however,  dl 
appear  to  be  significantly  affected  by  the  change  in  type  of  lubrication. 

The  coefficient  in  some  cases  was  slightly  higher  at  the  higher  loads.  Thi 
Increase  In  the  coefficient  occurred  in  random  fashion  and  could  not  be 
aasociated  with  any  particular  coating  or  coatings.  It  is  believed  to  be 
primarily  caused  by  vibrational  effects  at  some  loads  In  which  the  weights  i 
to  the  lever  arm  were  not  held  stable. 

The  static  and  dynamic  coefficients  of  friction  for  well- lubrlcati 
surfaces  strongly  indicate  that  the  coefficients  of  friction  are  primarily 
dependent  upon  the  nature  of  the  lubricant,  while  the  coating  has  little  or 
no  influence  upon  the  coefficient.  The  minimum  coefficient  of  friction 
provided  by  HIL-L-644  oil  appears  to  be  approximately  .12.  Although  no 
systematic  study  Involving  another  lubricant  was  made,  friction  tests  of  a 
dry  film  lubricant  on  hard  anodized  aluminum  showed  that  the  static  coeffici 
was  reduced  to  approximately  .09. 
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